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Ab.tract

The properties of the reentry plasma sheath are being studied by AFCRL. in a
series of Trailblazer 11 rocket flights, This program is divided into two phases,
The first phase has been concerned with the structure of the ionized layer that
forms around the test vehicles during reentry and in particular its effect on
electromagnetic signals, while the second phase is concerned with enhancing
microwave transmitter performance under such conditions by introducing chemicals
into the flow to reduce the free electron concentrations,

This report surveys some aspects of the Iirst phase which consisted of three
flights, The first part of the report describes the flight performance of the vehicles
including trajectory, velocity history, aerodynamic heating, spin-and-precession,
and overall orientation of each payload during its reentry, while the second part
presents the theoretical description of the high temperature shock layer tor the
various flight conditions, Since the purpose of the calculations was to obtain
predictions of experimental performance, a number of different models were used,
The resulting flow properties are presented in some detail; in particular, the various
electron density distributions are shown both in the nose region and uround the
vehicle, These results are analyzed and then compared with the extensive experi-
mental data,

Un the conical afterbody wbere three-dimensional effects due to vebicle angle
of attack become important, the observed conditions could not be completely
represented by the theoretical models—all of which assumed the flow to be axisym-
metric, The general conclusion, however, is that the theoretical properties

satisfactorily predict the actual test performance for a wide range of situations,
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Trailblazer Il Rocket Tests on the Reentry
Plasma Sheath: Vehicle Performance and
Piasma Predictions (Flights No. 1—3)

1. INTRODEICTION

The data and analyses contained in this report are from Trailblazer 11
vehicles launched by AFCRL in a continuing series of experiments (Poirier et al,
1969; Hayes, 1972, Rotman, 1972; and Hayes et al, 1972), This program is
divided into two phases, The first phase consisted of the first three flights—
which are described in this report—and was devoted to the study of the effects
of the plasma sheath on microwave systems, This involved signal transmis-
sion from various positions on the nose cone to examine effects of the plasma as
a whole; the use of numerous types of diagnostic sensors for measuring the local
properties; and the evaluation of the various theoretical models of the reentry
flow field based on their ability to predict the obscrved results, The second phase
of the program is concerned with the actual modification of the plasma in crder
to eliminate various effects on test vehicle transmission, This aspect cf the
program began with the fourth flight which contained not only transmitting and
sensing devices, but also an injection system at the vehicle shoulder, This
system introduced a chemical alleviant into the flow over a side antenna in order
to reduce the electron density, This approach altered only the plasma passing
directly over the antenna. On the fifth flight, which will take place this year, the
payload will be equipped with a Tellon ccvered nosecap and the electrophilie

(Receiv: ! for publication 15 May 1973)
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ablation products emitted by this coating during reentry spread around the whole
surface, Thus, two different rnethods of enhancing antenna transmission will have
been observed under similar flight conditions. Another feature will be a high
power experiment concerned with breakdown in the presence of a plasma. The
final flight will continue the high power testing and will include an evaluation of the
performance of a chemical alleviant different from that tested on the fourth flight
of the series,

The Trailblazer II experiments in the AFCRL series have all employed the
same launch system, and the flight performances have been similar, Dimensions
of all the nose cones were identical, and the antenna test systems and diagnostic
probes included on the various flights were designed to provide overlapping
measurements of the test environment,

To summarize, this report presents the flight performance data for the first
three launches, analyzes the aerodyramic behavior of the vehicles as related to the
experiments, and discusses the prediction of reentry flow properties based on
various theoretical models,

2. DESCRIPTION OF VEHICLE AND FLIGHT TESTS

The reentry nose cones are each launched on a Trailblazer il vehicle, which
is a four -stage solid-propellant rocket. After the first two stages drive the
vehicle to an altitude of about 200 miles, the last two stages propel the reentry
nose back toward the atmosphere in an almost vertical trajectory.

During the ascending part of the flight, the vehicle is fin-statilized, Shortly
after launch, the canted second-stage fins induce spinning and as the vehicle leaves
the atmosphere, its spin rate is high enough to ensure that it will be spin-
stabilized throughout the remainder of the flight,

The last two stages are enclosed in a structural shell (velocity package) as
shown in Figure 1 and face rearward during the launch, At about 250 kft, the
velocity package separates from the spent second-stage motor and coasts to
apogee, As the velocity package begins its descent, the X-248 third-stage motor
fires, propelling the reentry nose cone out of the velocity package, The 15-in.
fourth-stage spherical motor provides the final thrust necessary to boost the nose
cone velocity to about 17, 000 fps by the time the nose cone begins reentry,

The reentry nose cone as depicted in Figure 2 is a 9° hemisphere-cone
fakricated entirely of aluminum, Its dimensions are: nose cap radius, 6,333 in,;
total length, 26,47 in,; base diameter, 19,17 in, The instrumented nose cone
weighs about 70 1b, including the spent fourth-stage motor which remains within
the reentry body. So that the measured plasma properties can be compared with
the values predicted from flow-field calculations, the heat-sink method of thermal
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Figure 1. General Features of a Typical Trailblazer II Trajectory

protection (no ablative coatings) is used to ensure that the flow about the vehicle

is not contaminated with ablation products. The aluminum nose provided sufficient

protection to ensure survival to around 100 kft,

The three flight packages contained a variety of antennas and diagnostic
probes, and their locatious on the different flights can be seen in Figure 3 and
Table 1. This table contains a breakdown of the various vehicle and flight para-

meters for each of the three launches., As can be seen, the first flight was some-

what atypical with lower apogee and lower peak reentry velocity which probably
resulted from the considerably shorter firing times for the third and fourth stages,
In addition, the overall timing from launch was at variance with the other two
flights and also with some Ohio State University Trailblazer II launches (Caldecott
et al, 1967; Caldecott and Bohley, 1968). In general, however, the overall flight
performance for the three vehicles is quite similar,
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Table 1, Vehicle and Flight Parameters for the Three Flights

Property Flight I Flight II Flight III

Launch 1532 hrs (EDT) 2156 hrs (EDT) 1900 hrs (EST)
18 Jun 1967 17 Jun 1969 24 Nov 1970

Payload Weight 64.65 1b 74 1b 70,65 1b
W/CpA 79 1bs/ft2 90,4 lbs/ft2 86.3 lbs/ft?
Spin Rate 8 rps 12 rps 11 rps
B 1.094 slug ft2 1.049 slug ft° 0.924 slug ft>
Iy 0.471 slug ft2 0.470 slug it 0.510 slug ft°

Center of Gravity
(Distance from
Nose)

Apogee
Peak Velocity

Initial Angle of
Attack

Reentry Flight
Azimuth

Time From
Launch to Reentry
(300 kft)

Third Stage Burn
Time

Fourth Stage Burn
Time

Initial Coning:
Allowed Value

S-Band Trans-
mitter

S-Band Receiver

Electrostatic
Probes

Electroacoustic
Probes

Conductivity
I’robes

Strip L.ine Probe

Telemetry at Base
of Cone

L =

10,0 in,

902, 183 ft

16, 593 fps
(at 220kft)

12°48"

357, 5%(estimate)
392, 7 sec
29 sec
5 sec
3.45 rps
Stagnation

Shoulder

2-Nosecap; 1-side

Nosecap; side

X-Band

9,17 in,

964, 395 ft

17, 287 fps
(at 220 kft)

15%28!

286°
404 sec
38,5 sec
6 sec
5,37 rps

Stagnation and

Shoulder

Sheoulder

2-Nosecap; 1-Sidc

2-Nosecap

S-Band

9,76 in,

990, 548 ft

17,972 fps
at 216, 5 kft)

10°6!

341®

405, 4 sec
40, 8 sec

9,4 sec

5.53 rps
Shoulder
Shoulder

Stagnation;
Nosecap; Side

Shoulder

Shoulder
S-Band

I

r -
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FLIGHT I FLIGHT II FLIGHT III

Figure 3, Head-on View of the Three Flight Nose Cones Showing the lL.ocations of
the Various Elements on Each Vehicle Surface

L FLIGHT RECORD FROM GROFND RADAR

L1 Rudur Trajectory

The fights are monitored by a number of ground radar sites, The quality
of the tracking data from each station is evaluated, and the best results are used
over any given porticn of the trajectory, For the first flight, the Spandar S-band
and AN/FPS-16 C-band results were used during some periods but most of the
data was from the AN/FPQ-6 C-band radar, The AN'FPQ-6 radar was used for
almost the entire second flight, M\ost of the third flight trajectory was determined
from Spandar data. At the fourth-stage ignition point, however, it became highly
unre’lable, The only force acting on the vehicle at that time was gravity, so the
trajectory should have been smooth, The radar estimated velocity components,
however, showed spurious accelerations in the form of largs scale oscillations,
Based on this tracking failure, the AN /FPQ-6 data for that portion of the Might
were re-examined, 1t was found that this radar was able to provide much beiter
results during the fourth-stage burn, Unfortunately these records were only
available up to 397 see, around 440 kft, Since there was no reliable information
beyond that point, it became necessary to determine the velocity and trajectory
by extrapolation, Inasmuch as the final rocket firing had been completed and
atmospheric drag could be neglected, the nonvertical veloeity components were
frozen and acceleration in the altitude component was assumed to be due to

gravity only, Once vehicle drag becomes a significant factor, however, this

approach must be modified, On the previous flights which had comparable operating
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conditions, the vehicle velocity peaked around 220 kft, This indicates that the drag

was then sufficient to counter the acceleration of gravity,
tinued to descend, it underwent further deceleration from the increased atmospheric

It was assumed that the present flight followed this trend and hence the

As the vehicle con-

density.
simple approach could not be extended below 220 kft,

Since the oscillations in the velocity components were no longer apparent,
the use of the radar data was once again considered, With this in mind, the as-

sumed portions of the velocity profiles were faired into the new radar values, The
results are shown as the dotted line of Figure 4, The curve for the Flight II case,

which was for quite similar conditions, is crossed by the Flight III curve using
This unlikely result led to closer examination of the velocity
For this purpose, the curves were replotted in
The anomalous crossover is

the radar data,
curves for the three flights,
Figure 5 as a function of altitude rather than time,
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e still present and has become more exag-
ek gerated, At this point the renewed use of
the radar was discarded as a feasible
:; 4 - solution and another approach had to be
s 2k sought, The selection of a semiempirical
% il method to inciude drag effects needs some
= discussion,
S' 8r Since deceleration activated switches
E 6+ were to be employed on subsequent flights,
E wili an accelerometer was included on the
2 third flight to establish expected levels
e 2r over the altitude range from 200 to 140 kft,
0120 4 léo . 260 4 2“0 = ?;0 This information has been included as a
ALTITUDE { k11 curve in Figure 6 which displays the
vehicle deceleration for the second and
Figure 6, Vehicle Deceleration: third flights based on the radar data, The
?;g:i, Iéaza,— --;-riifch;go;@er_é—ata, second flight curve shows excellent agree-
and (x) semiemperical results ment with the accelerometer readings of

the third flight, while the corresponding

radar curve for the third flight shows
large decelerations at the high altitude range, These are unlikely and are clearly
incompatible with the accelerometer data, It is these deceleration values which
produce the crossover seen in Figure 5, The above considerations have a twofold
significance, First, they offer further confirmation of the need to reject the radar
data, Secondly, the agreement between the second flight and the acceleronieter
establishes a condition which the velocity determination must satisfy,

The simplified velocity formulation was now extended to include drag. The

altitude velocity component was assumed to change according to the relation;

2
Nalr - 2 Vi ptp®
dt £ 2m *

I an exponentiial decay of density is assumed, this gives:

DVarr ("o CpA ) I
dt B Im ALT *

Use of simple drag coefficient and base area of the vehicle, however, led to values
of deceleration which were too small, One factor in these results is that the

vehicle was at an angle of attack, Thus the sinmple reference area did not really




apply, An empirical correction 360

factor was then employed, This had

its basis in the assumed agreement 320

between this flight and the previous

ones as far as the altitude at which 280

its peak velocity should have oc~

curred, A suitable pseudo-area was .. 240}

introduced to provide sufficient drag =

to produce the proper deceleration : 200}

near 220 kft, The deceleration his- S

tory based on this new velocity E 1601

profile can also be seen in Figure 6, «

This is in far better agreement 120k

thar the Flight 11I radar data, The

velocity results are shown as the 801

solid line extensions of the third

flight curves in Figure 4 and Fig- a0l

ure 5, The degree of similarity in

the profiles for the three flights ) . . . . .
that appears in Figure 5 is espec- 390 400 410 420
ially encouraging as justification TIME FROM LAUNCH (sec)

for this approach, 1t should per-

) . i Figure 7, Vehicle Altitude as a I'unction of
hiaps) Be inoted that s Flight di the Time-from-Launch for the Three Flights,
radar data for position are con- The third flight uncertainty is again shown
below 170 kft:- -« radar, and estimated

sidered rather than velocity then
there is better agreement between
the radar values and those resulting from an integration of the calculated velocity
history, This is shown in Figure 7, Indeed, at the very low altitude range the
curves for the first and second flights show trends which more closely resemble
the radar data of the third flight than the calculated values, That the calculated
values should disagree here is not surprising, since they are based on a fitted
curve biased toward agreement at higher altitudes, In addition, the radar may
have overcome tracking fluctuations and returned to the actual trajectory, The
velocity-time-altitude histories of the three flights are summarized in Table 2,
Table 3 presents a comparison of the various radar parameters at three
altitudes, Kecall that although the positional data mayv be representative for the
third flight, the velocity values are not, The events of the first flight all occur
at much earlicr times and the peak velocity is lower, Nevertheless, the overall
profiles are similar as can be seen in Figure 5, The second flight represents

essentially the predicted vehicle performance, while the third flight velocity
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Table 2, The Altitude-Time-Velocity History tur the Three Flights (Based on Radar "
Data)
Date By a
Altitude Flight I Flight II Flight III
ety Velocity Time Velocity Time Velocity Time
(fps) (sec) (fps) (sec) (fps) (sec)
500 Tuncertain 380,1 16, 768 392,0 17, 464 393,9
480 15, 548 381,4 16, 810 393,2 17,486 395,0
460 16, 122 382,17 16, 834 394,4 17, 517 396, 2
440 16, 204 383, 9 16, 867 395,6 17, 557 397,3
420 16, 260 385, 2 16, 920 396, 8 %17, 603 398,4
400 16, 285 386, 5 16, 974 398,0 17, 641 399,6
380 16, 347 387.8 17, 005 399,2 17, 675 400,7
360 16, 358 389,0 17,014 400, 4 17, 720 401, 8
340 16,377 390, 3 17, 047 401,6 17, 747 403, 0
320 16, 450 391,5 17, 091 402,8 17,783 404,1
300 16,470 392,8 17, 106 403, 9 17,823 405, 3
280 16,497 394, 0 17, 143 405, 1 17, 859 406,.4
260 16, 526 395,3 17, 169 406,3 17, 899 407,6
240 16, 559 396, 5 17, 208 407.5 17, 930 408,17
220 16, 593 397,7 17, 287 408, 7 17, 965 409.8
200 16, 560 399, 0 17, 238 409, 8 17, 965 410,8
180 16,510 400, 2 17, 130 411,0 17, 940 411,9
160 16, 381 401,4 16, 983 412,2 17, 800 413,0
140 16, 070 402,7 16, 841 413,4 17, 500 414,1
120 15, 366 404,0 16, 100 414,6 16, 650 415,4
100 13,775 405, 4 14, €33 415,9 15, 000 416, 8
80 8,682 407, 2 7,815 417,6 *10, 500 418.3

t End of fourth stage burn
for this flight (atypical).

*

1 Extrapolated values, ,
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Table 3, Radar Data for the Three Flights at Typical Altitudes

(a) Flight I

Altitude

Property 500 kft 150 kft 100 kft
Siant Range (ft) 976, 915 773, 656 754, 724
Azimuth (deg) 151, 2568 148. 6901 148, 2824
Elevation (deg) 29,6204 10,1167 6.6120
Horizontal Range (ft) 820, 003 747, 577 7317, 556
Velocity (fps) 16, 251 13,775
Latitude (deg) 35,8586 36,0788 36,1098
Longitude (deg) -74.1658 -74,.1801 -74,1817
North-South Range (ft) 723, 565 -643, 455 -632, 171
Look Range (ft) 969, 960 765, 370 746, 300
East-West Velocity (fps) -164 -132
North-South Velocity (fps) 3, €85 3,100
Flight Elevation {deg)
Visual Azimuth (deg) 151,9201 149, 3869 148, 9837
Look Azimuth (deg) 151, 9201 149, 3869 148, 9837
Look Elevation (deg) 29,9066 10, 2505 6.7103
East-West Range (ft) 385, 900 380, 655 379, 292
Altitude Velocity (fps) -15, 827 -13, 421
Flight Azimuth (deg)

(b) Flight II
Altitude

Property 500 kft 150 kft 100 kft
Slant Range (ft) 9176, 203 813, 066 800, 175
Azimuth (deg) 167.4551 160,4291 160, 1628
Elevzation (deg) 29,6616 9,5259 6,1132
Horizontal Range (ft) 820, 279 789,479 785, 383
Velocity (fps) 16, 768 16, 888 14, 633
Latitude (deg) 35,7576 35,7872 35,8027
Longitude .deg) -74,4387 -74,6100 -74,6339
North-South Range (ft) =781, 321 -747, 358 -745, 423
Look Range (ft) 970, 146 806, 712 793, 846
East-West Velocity (fps) -2, 500 -2,472 -2, 090
North-South Velocity (fps) 700 642 589
Flight Elevation (deg) -81.09 -81,27 -81,47
Visual Azimuth (deg) 158, 1341 161,1913 161, 6364
Look Azimuth (deg) 155,1741 161, 2016 161, 6429
Look Elevation (deg) 29,8847 9.6193 6,1796
East-West Range (ft) 305, 433 254, 481 2417, 379
Altitude Velocity (fps) ~-16, 565 -16, 692 -14,471
Flight Azimuth (deg) 285, 65 285,42 285,173

e — U]

i
%
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Table 3 (Contd,) Radar Data for the Three Flights at Typical Altitudes

(c) Flight 1I
Altitude

Property 500 kft 150 kft 100 kft
Slant Range (ft) 984,410 750, 304 726, 891
Azimuth (deg) 153,3924 153, 1505 153.1116
Elevation (deg) 39,3308 10,4526 6. 9676
Horizontal Range (ft) 825, 148 720, 504 706, 073
Velocity (fps) 15, 684 15, 969 13, 910
Latitude (deg) 35,7988 36, 0606 36, 0966
Longitude (deg) -74,2434 ~T74, 3898 -74,4101
North-South Range (ft) -737, 724 -642, 955 -629, 888
Look Range (ft) 999, 735 767, 517 744, 255
East-West Velocity (fps) -1,925 -1,89% -1, 682
North-South Velocity (fps) 4,172 4, 205 3,689
Flight Elevation (deg) -72,96 -13,22 -73,06
Visual Azimuth (deg) 15,3747 153,1634 153,1285
Look Azimuth (deg) 154,7059 154,6519 154, 6434
Look Elevation (deg) 28,7884 19,1653 6, 7539
East-West Range (ft) 369,716 325,219 319, 079
Altitude Velocity (fps) -14, 996 -1%, 289 -13. 306
Flight Azimuth (deg) 335,23 335,75 335,49

exceeded original estimates,

The radar returns indicate erratic performance near

70 kft and some vehicle deterioration is assumed to have occurred around this
altitude,

3.2 Vehicle-Ground Orientation

All three vehicles are launched in a generally southeastern direction, Once
apogee has occurred, the third and fourth stages separate from the ballistic path
and enter almost vertically, Depending on vehicle orientation during firing, how-
ever, different north-south and east-west velocity components are imparted, This
can be seen {rom the flight azimuthal entries in Table 3, Based on these values,
the projection of the vehicle trajectory on the earth plane ior the first fiight is
aligned almost due north; for the second, it is between v.e:st and northwest; while
for the third, it is in a northeasterly direction,

This suggests tht question of dispersion for the Trailblazer Il payloads during
their reentry, The position of the three vehicles with respect to the launch point
at successive altitudes is shown in Figure 8, Despite the large vertical component
in their velocities, the vehicles are not at 2ll close, An aiditional feature of this
figure is that the orientaticn of the vehicle flight paths with respect to the main

base and the subsidiary stations, ADAS and Coquina Beacl, can be seen, This

is related to the reception of vehicie transmissions on the ground, ut before
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Figure 8. Geographical Orientation of the Three Vehicles to the Ground
Stations During Descent at Altitude. of (+) 500 kft, (A) 150 kft, and (A) 100 kft,
The vehicle dispersion would be represented by a circle with radius of 35, 5
miles

turning to this question, it is first necessary to discuss another aspect of this prob-

lem; namely, the spin, precession, and angle of attack associated with the nose cone,

3.3 Spin

On the first two lights, the spin rate was determined from the rate of change
in the radiation pattern of the S-vand transmitting antenna located in the vehicle
nose, Since the radiated fields were linearly volarized, the spin caused the signal
received at the ground stations to oscillate [rom a maximum (when the polarization
vectors were aligned) to a minimum one-quarter revolution later (when they were
orthogonal). The periodicity of the ¢ipgnal shortly after fourth-stage firing indicated
that the vehicle spin rate was 8 rgs in the cave of the first flight, and 12 rps for the

socond flight, On the third flight, all the antennas were located on the sude of the
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vehicle and thus a different approach was used, At lower altitudes where plasma
effects were present, periodic variations in the electron density levels—seen by
the electrostatic probe located at S/RN = 2,58 —established the cyclic rate
associated with the vehicle, At higher altitudes, however, the lark <f electrons
made it necessary to use information from a shoulder antenna. Since the vehicle
was spinning about its axis, the orientation of this antenna with respect to the
ground receiving stations was continuously changing, Because the electron
density was still at free space levels, it was possible to conclude that any periodic
variations in received signal intensity—as monitored by the automatic Gain Control
Recorder—were due to the spin. Analysis of these data indicated an 11-rps spin

rate for the flight period following fourth-stage hurn,

1.1 Precession and Angle of Attack

Two types of precession must be considered in estaklishing ' he orientation of
the Trailblazer Il nose cone, The first possible effect is an initial coning motion
about an arbitrary axis which could be induced by the separation from the third-
stage, or by thrust deviations during the fourth-stage tiring, The other is an
externally induced coning due to aerodynamic forces tending to realign the vehicle
with the velocity axis that appears only after the atmosphere becomes sufficiently
dense, The approach of Caldecott et al (1967) was followed in veryifying the

presence of either or both precessions from the flight data of the three launches.
3.4.1 INITIAL CONING

The magnitude of the factors inducing any possible initial precession would
not affect the rate of the coning motion, but only the relative position of the axis
of the precession, The rate of this precession is d~termined by the properties of
the vehicle; the precession rate is given by

o lAu/lT

where 1A is the longitudinal moment of inertial, lT is the transverse moment, and
w is the angular spin velocity, The allowed value for each of the flights is given in
Table 1. The presence of initial coning would cause the cyclic variations of the
signal intensity to exhibit a modulation at the corresponding rate for that vehicle,
The data used to obtain the spin rates were again examined for evidence of this
tvpe of fine structure, Neither the antenna patterns nor the AGC data for the
three flights showed any such variation at the prescribed frequency,

The absence was also confirmed by the electrostatic probes, The recorded

value for the elect:on density in the plasma over their respective locations

alternately indicate maxima and minima. The variation corresponds to .he clLange
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in plasma seen by the probe due to the spin and angle of attack of the vehicle,

Any other perturbations in the vehicle motion due to precession about an arbitrary
axis would appear in the resnlts: successive maximal (or minimal) levels would
not be identical; the variations would follow the calculated cyclic rate for the
precession, There was no evidence of this effect,

Figure 9 shows the co.abined effects of spin and precession based on the
electrostatic probe results, There are no data on the precession at altitudes
below the cutoff point where the probe current saturates, This varies for each
flight depending on plasma conditions at the particular probe location, At first,
only the constant spin variation is present., Then the action of atmospheric forces
gradually decreases the time between maxima (increases the frequency), It
should be noted that although the curve for the first flight indicates some slight
divergence from the spin value at an earlier altitude than the others, the quantity
of the probe data on that flight is exceedingly poor in this region and hence the
precise altitude at which the precession begins is somewhat uncertain,
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The basic conclusion of interest here is that the coning effect due to initial
misalignment either was not present or was of such small magnitude that it had no

measurable effect on the sensors.
3.4.2 INITIAL ANGLE OF ATTACK

Since there was no indication of significant initial coning for any of the ihree
flights, each vehicle's spin axis can be considered to be aligned with the direction
of thrust during the respective fourth-stage accelerations, Then, as long as no
significant forces disturb this crientation, the angle of attack associated with the
reentry can be determined by calculating the angle between the acceleration
vector and the velocity vector.

As a result of the poor quality of the radar data during the fourth-stage firing,
the velocity components before and after the burn were plotted, The separation
between the recsulting levels in each case was taken to be proportional to the total
acceleration in that component direction due to the fourth-stage thrust, These
magnitudes were then normalized to obtain the direction cosines for the accelera-
tion vector, The direction cosines of the velocity vector were next found and the
angle of attack determined by calculating the angle between the two vectors based
on their direction cosines, The results for the three flights are presentec in
Table 1,

3.4.3 AERODYNAMIC PRECESSION AND DECAY OF ANGLE OF ATTACK

Because of their interdependence, the two topics of aerodynamic precession
and decay of vehicle ungle of attack will be considered simwultaneously, The
results for the vehicle spin rate (Figure 9) confirn: that there was an extended
period when the electrostatic probes detected significant ionization levels in the
flow with no variation in the time between suecessive maxima and minima, This
implies that for that range there were no aerodynamic forces acting to compress
the angle of attack,

The general question of the interrelationship of these two factors was studied
using two different models, The first approach was based on that of l.eon (1958),
This involved the general case of a spinning vehicle, The solution for the angle of
attack envelope is nresented in the form of a ratio of the actual value to that

obtained by setting the spin parameter k‘¥ 0, For large spin l.eon obtains the

result:
()E
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Because his solution employs expansions of Bessel functions with large argument,
the restriction is placed on the result that the term involving the static stability
parameter k2 must be large. This restricts his approach to altitudes where
large deceleration effects are present and angle of attack convergence is to be
expected,

In order to describe conditions at higher altitudes, the alternative solution
was examined. This followed the work of Allen (1957) and is restricted to a non-
spinning vehicle, Analysis of the results of the two formulations was used to
develop the overall angle of attack nistory.

Figure 10 shows the oscillatory decay of angle of attack based on Allen's
development. This employs the cosine approximation to the Bessel function,
The exact solution at a number of altitudes is also indicated. As expected, the
agreement is excellent at low altitudes but above the altitude corresponding to
the first finite bound on the Bessel function of zero order, the approximation is
no longer completely valid and the solutions begin to diverge, For our cases,
this represents an altitude of between 185 and 190 kft, Although Leon's solution
also depends on the large argument of the Bessel function, he uses his results
to indicate the envelope of the solution only and —as can be seen in Figure 10—
this still applies although the specific values differ. Thus as an overall 1ngica-
tion of the bounds on the angle of attack for a nonspinning vehicle, the results

obtained should still be reasonable even at the higher altitudes.,
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Figure 10, Altitude Decay of Normalized Angle of Attack, o o, Using
Allen's Theoretical No-Spin Formulation:
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Figure 10 describes the Allen results in terms of

ke Py
@ el J [21( l/2e-By/2]
@ o 2

and for large argument this becomes
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We can compare his envelope solution
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(%) z(_____l e 1 . eBV'M)
E/no spIN \/7 k,'/*

to Leon's, Indeed if we consider limiting cases for the dynamic and static

= -By . i i
2 such that kle - 0 and BCLa sin GE* 0 in the
expression for k2, then Allen's result has the equivalent form to Leon's nonspin

stability parameters, k1 and k
case:

og Py /4

50~ e
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Since these limits are reasonable for the present vehicle and flight conditions,
the agreement between the two formulations supports the validity of Leon's results
even at higher altitudes than is strictly justified,

The decay of the angle of attack envelope for spin and no-spin conditions,
using the flight parameters for each launch, can be seen in Figure 11, It is clear
that despite variations in the three sets of values for spin and stability parameters,
the decay is virtually the same in all cases,

If in addiiion to the decay of the oscillation envelope, the complete history is
examined to determine the time or altitude change associated with one period of
the motion, then the effect of aerodynamic forces on this oscillation can Le seen,
These results appear in Figure 12 which compares observed and predicted be-
havicer for the three flights, The semiempirical curves represent the use of actual
flight velocities rz*her than the theoretical velocity decay, The matching is poorest
for the first flight, tending to confirm the lack of reliability in the observed flight
data for the electrostatic probe, The low altitude results for the theoretical case
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diverge from the empirical and flight results, The theory predicts that the fre-
quency of oscillation will peak at approximately 75 kft, whereas using radar deter-
mined flight velocities in the calculation results in peak values near 100 kft, This
indicates that the simple angle of attack decay, using an expcnential density pro-
file, does not represent a completely adequate formulation over the entire range
of the reentry.,

3.5 Transmission Angles

Once the vehicle orientation has been established, this information is used
in analyzing the S-band antenna patterns received by the ground stations, The
ADAS and Main Base radars are quite clcse to each other, while Coquina Beach
is located some distance to their south and west, This means that the analysis
of the signals received by the ground stations must take into account transmission
angle differences for each location, Several angles are defined for the three
flights and their values are shown in Table 4, The angles designated as a;; are
between the vehicle velocity and axis vectvi’s or between either of these vectors
and the various ground stations, while the § values are for the angle between the
ground station radius vector to the vehicle and the local vertical on the earth's
surface, Figure 13 shows the relative positicn of these vectors for each flight,
Ncte that since the vehicle enters almost verticaliy, the velocity vector is not
distinguished from the earth vertical, From Table 4 it can be seen that although
there is considerable variation in angles from one flight to the next, the particular
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Figure 13, Typical Orientation of the Transmission Vectors for the Three
Flights During Reentry: (A) vehicle-main base vector, (B) vehicle-Coquina Beach
vector, and (C) vehicle axis vector
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Table 4, Transmission Angle Values for the Thru Flights
Altitude (kft)
Angles 300 250 200 150
(o
Flight 1
a3 57.29 60, 81 63, 72 67,19
a4 57,79 60, 81 64, 06 67,44
a5 56, 19 61,19 66, 95 72,93
g3 43,76 46, 81 50, 27 53,51
a9y 44,20 47,18 50,36 53,70
9g 56,27 61,00 66,42 72.25
03 68, 37 71,98 75,35 78, 66
64 69,49 72,52 75,67 79,03
65 54,18 58, 91 64,32 70,36
Flight II
@3 64,51 67,74 70, 97 74,43
@4 65, 18 68,323 71,48 74, 84
@ 36, 82 41, 60 47,00 53,50
@og 49,73 52, 90 56, 10 59,54
@9y 50, 44 53, 53 56, 64 59,99
795 30,33 34,53 39,61 45,94
64 69, 73 72,57 75.93 79,12
64 70, 08 73,16 76, 26 79, 58
0c 45,37 49, 98 55, 36 62,02
J
Flight III
@3 63,71 67, 25 70,93 73,170
@4 64, 09 67,55 71,15 73,82
ayg 67,19 71, 64 76,36 80, 89
a, 54,70 58,21 61,91 65, 60
23
“og 54. 96 38,40 62,02 65,51
w9 67,78 72,18 76,83 81,43
04 67, 68 71,12 75,00 78,54
04 68,22 71.72 75,23 79, 00
0 62, 06 66, 56 71,26 75.91
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angle representing any one case does not vary greatly as a function of altitude,

Thus, in the analysis of the signal returns, it can often be treated as a constant
without significant loss of information,

This completes the overall analysis of the flight performance as determined
by the Ground Radars, Before the second major part of the report is considered,
however, there remain some additional topics which are related to both areas,

{. HEAT TRANSFER AND TURBULENCE

The flight dynamics of the vehicle for the three flighs have been considered,
The reentry velocity, angle of attack, and vehicle configuration next must Le con-
sidered in terms of the interaction between the body and the external flow, Two

aspects will be discussed,

{.1 Transition To Turbulence

An estimate can be made of the altitude at which the boundary layer around a
zero angle of attack configuration would become turbulent, See Fay and Riddell
(1958) for details, By approximating the blunt cone by a semi-ellipse having the
same axis ratio a solution can be obtained for the local Reynold's Number in

terms of free stream properties:

0. 5076(_"3_

3

)0.477
107 -

Re, - ¢RB1/2 (p“/po)

where ¥ is a factor for body location and RB is the base radius. The criterion
Reo ~ 250 was used to estimate the altitude at which turbulent flow would be ex-
pected for a particular location, The back of the payload wuould then be turbulent
at 120 kft and the shoulder above 110 kft, On the other hand, near the tip of the
ehicle the critical Reynold's number was never obtained for altitudes at which
the vehicle could still be considered to be functioning, Refinements such as

the effect of angle of attack were not considered here, and the principal use of
this result was in terms of estimating the heating to which the aluminum heat -
sink nosecap would be subjected, This quesiton of survivability at low altitudes
will be discussed in the next section in terms of theoretical calculations and the
use of thermocouples in the skin and payload, One other factor should be men-
tioned. The transition to turbulence also results in a change in the character of
the boundary layer, which could have an effect on the reflection and attenuation

due to the level of ionization in the surrounding flow field, [~ the present case,
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however, this is not of prime importance since the experimental results ter-

minated prior to this condition.

4.2 Heat Transfer

All three vehicles have used the principle of an aluminum heat-sink nosecap
as thermal protection for the payload, rather than ablative coatings, so that the
objective of making plasma diagnostics in a pure air medium could be achieved,
The question then is whether the nose cone can absorb the heat from the external
environment during the reentry without deteriorating, The vehicle surface is
not subjected to a uniform thermal cr tiition and heat transfer decreases away
from the stagnation regior for laminar flow conditions., Thus to estimate the
heating to which the vehicle would be exposed in the course of the trajectory,
consideration of the amount of heat transferred to the nose of the vehicle could
serve as upper bound on the overall solution, If the stagnation region of the body
is treated as being isolated from the remainder and if under those conditions it
could absorb the maximal heat input without melting, then the vehicle as a whole
should survive, This conclusion is justified by the uniform thickness of the skin
and the fact that the flow remains laminar,

Specificaily, the nose cone is 0,06-ft thick, This determines the volume and
mass of aluminum to be associated with the given surface area exposed to the
heating, Calculation of the resulting nosecap temperature rise involved a two-
step process with coupled heat transfer and wall temperature equations:

tor 22 () o (R0
VR \10 ST 300
TW-To+pc v ~44q
P
where
Aq - éST at
T, - 300°K
and
hw = cp’I‘w
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It is assumed that the aluminum is a rapid conductor of the external heat and that
«ne skin thickness can be assumed to have uniform temperature, Based on this,
the vehicle should still be intact until around 75 kft, Typical results are shown
in Figure 14,

3. FLOW FIELD STEINES

3.1 Generul Background

The second major part of this report 15 concerned with the various piedic-
tions of the flow field properties of the ionized reentry environment and in par-
ticular, with an evaluation of the adequacy of the theoretical models as confirmed
by the results of the flight experiments, The description of this medium during

the course of reentry is a highly complex problem due to the variable structure

of the flow which is a function of the altitude, velocity, vehicle shape, spin, and
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angle of attack, For cur purposes, however, a model is considered to te useful if
its results agree with some particular observed conditions. As was shown in
Figure 3, the three flights were instrumented with a variety of antennas and electro-
magnetic sensors at different locations on the vehicle surface, The results of these
experiments were transmitted to the ground by the telemetry system at the base of
the cone, The instruments were designed to measure both integrated and discrete
plasma properties, Antenna transmissions to the ground stations previded infor-
mation about the overall properties of the entire sheath, Reflection and antenna
coupling results also require the integration of property distributions, The second
type of information was provided by the various probes., Their results are based

on properties close to the vehicle surface rather than the plasrna as a whole, It
should be noted that in some cases, both types of information in conjunction with
theoretical analysis could be extended to give additional estimates of plasma piroper-
ties. Signal atienuation can provide profiles of the flow properties, while data

from near the surface can be extrapolated to give properties at the edge of the
boundary layer. These derived results are extremely useful in the sense that tiiey
allow data from one sensor to provide corroboration for the other. An overall
description of the changing experimental environment during reentry will indicate
the difficulty in modeling,

The Trailblazer is a blunt hypersonic vehicle which reenters at an angle of
attack. The result is a wide variation in flow field properties as the nose cone
descends through the atmosphere, At 300 kft, there is no effective plasma. As
the ambient density increases, the vehicle velocity causes a diffuse shock to form,
Due to the low density, viscous surfacc effects are apparent thrroughout the entire
region enclosed by the shock., The shock structure gradually compresses and
eventually can be represented as a discontinuity, As the altitude continues to
decrease, the viscous cffects are dominant only in a layer near the vehicle flow
interface and the shock layer can be treated as distinct regions with some inter-
action, Finally, the viscous boundary layer becomes so thin that the interaction
is minimal and the flow is almost entirely inviscid, 1n the course of this whoie
development, the air passing througn the shock becomes heated, undergoing dis-
sociation and ionization, The local species concentrations depend on the history
of the chemistry along each streamline in the flow, Civen this complexity, the
use of different models to obtain sclutions for particular cases is a reasonable
approach,

Wen hogicnibghing] the nerwaliizheghl it sf
and was treated in detail, Due to the nose bluntness the shock is detached from
the body and a high temperature, high density layer forms behind it, As a result

of the chemistry that occurs, this region becomes the major source of electrons

for the whole flow, As the ionized gases expand around the vehicle away from
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the nose, cooling occurs and recombination becomes the dominant chemical
process. In addition, streamlines which enter the shock layer outside the nose
region are generally not subjected to the same degree of heating and ionization,
The streamline profile in the expansion region thus consists mostly of stream-
lines which come from the stagnation region coupled with some cool air near the
shock, Although recombination has been taking place, convec.ion still represents

a greater factor in the electron density around the vehicle than local ionization,

In the expanded region, the viscous boundary layer grows thicker with dis-
tance, Thus much of the high temperature air is swallowed into the boundary
layer, leaving the inviscid flow as just a ccol outer region, Then for many cir-
cumstances, especially at higher altitudes, the description of the properties of the
boundary layer suffices to determine the effect of the flow on signal transmission.
1n addition, it should be noted that in general the boundary layér should be laminar
rather than turoulent and that three-dimensional effects will be important since
the vehicle is at a nonzero angle of attack, The vehicle spin also has an effect
since this means that the various sensors will be exposed to the nonuniform
features of the flow and will exhibit periodic performance,

The logical starting point in the specific flow analysis is to describe the
stagnation region, since nose region effects dominate the entire flow around the
vehicle, 2 considerable amount of experimental data for this region is also
available from the flights, so extensive comparisons can be made,

3.2 Stegmation Region

Because of the strength of the shock in this region, the high temperature
effecis become important even at very high altitudes where viscous effects are
important, Different solutions were used to account for these features, Their
results were then compared with the flight data, On the first two flights these
consisted of transmission reflection and coupling antenna results, while for the

third flight electrostatic probe data were available,
5.2,1 MERGED VI1SCID-INVISCID SOLUTIONS

In the case of the first flight (V_ = 16, 500 fps), stagnaticn region binary
scaling from some other results at that same velocity was used as a first approxi-
mation, This scaling is valid only so long as binary reactions dominate in the
flow, and hence care must be taken near the vehicle surface where three-body
recombination cannot be neglected, The curves must be faired in to match
equilibrium stagnation point values, The scaling law makes use of the parameter
meN which remains fixed under the transformation, For the case of similar

velocities, results for a given altitude and body size can be extended to a vehicle
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with different dimensions at its corresponding freestream density condition, In
applying this approach, equilibrium shock layer thicknesses were assumed. One
preblem was that there were complications in the fairing-in process due to an
electron density overshoot near the stagnation point. Using the curves of Curtis
et al (1963), the binary scaling gave results for a number of cases between 200
and 275 kft, Equilibrium stagnation boundary layer results were obtained foilow-
inz the approach of Nerem (1962), In an attempt to describe the conditions

rep: 2sented at these altitudes where distinct boundary and shock iayer .»lutions
do not accurately represent the situation, these results were subsequently .natched
graphica'ly to favor boundary layer values near the body and inviscid result. near
the shock, As was to be expected, the results were not very realistic at the: e
high altituder. The built-in requirement of equilibrium properties at the invi :cid
stagnation poin' affected the profiles of boti the boundary and the inviscid laye: .,
At the higher altitudes where this type of formulation is not valid, this resulted .a
electron density levels in the plasma sheath which were unrealistically high, The
profiles are shown in Figure 15,

5.2,2 COMPARISON OF MERGED THEORY WITH FLIGHT I DATA

These results were used to analyze antenna performance. When the test
results from the first flight were compared to the predictions, the high altitude
discrepancies were apparent (see Figure 16), The signal intensity was predicted
to decrease at a much earlier point in the flight than actually occurred,

5.2.3 VISCOUS THEORY

The need for better agreement led to the use of more sophisticated flow field
calculations at these altitudes, Lew (1970) performed extensive computations for
these altitudes at various velocities, He also shows the results of changing the
assumptions about conditions in the plasma,

In his formulation, the stagnation flow fields are not divided into a houndary
layer and an inviscid regime, Viscous effects are taken to be present over the
entire region from the body to the shock front which is considered to have finite
thickness, The effects of heat conduction, shearing stress, and diffusion are
included at the shock. The chemistry of the high temperature gas behind the
shock is considered to be in a state of nonequilibrium, The air species considered
are N2, 02, N, O, NO, NO' and electrons, The only ionization mechanism is
the reaction

N+O=NO'+e.
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Moreover, since viscous effects were considered to be important over the entire
region, transport phenomena began to play a role in determining the structure of
the flow and the shapes of the species profiles, The maximum temperature occurs

near the shock interface, As a vesult of diffusion and convection across the

layer, however, electron densities and atomic species concentrations assume
their peak values away from the edge of the shock where much of the actual
production occurs, Two models were used, In the first model, the vibrational
and rotational excitation of molecular species is assumed to have reached g
equilibrivm, 1n the more advanced version, the restriction of molecular vibra-

tional equilibrium is removed, This introduces significant variations in the

Ui S bl : it




29

g
%=
g
4
n
=
s
m-Zsr \
g < f
¥ \
-30
A
300 290 280 270 260 250 240 230 220 2i0 200
ALTITUDE (kft)

Figure 16, Received Signal Intensity From a
Stagnation Region Slot Antenna: (x——x) flight

test measurements, and (o—-—o) model

electron density profiles over the altitude range from 200 to 270 kit, These are
shown in Figure 17 and Figure 18, On the other hand, the collision frequency is
not greatly affected by the inclusion of vibrational nonequilibrium. The profiles
are relatively constant across the shock layer, Figure 19 shows the general

trend of the collision frequency, The depicted curves represent vibrational equili-
brium results,

The difference between these two models is conceptually simple. The con-
sequences, however, are quite complex., The introduction of a nonequilibrium
condition for the vibrational modes has a considerable effect on the electron
density of the gas. These changes for the vibrational nonequilibrium case are
due to two features: first, the kinetic temperature is higher since the internal heat
capacity of the gas is reduced; and in addition, the initial dissociation of N,, and O,
is slowed, The higher temnerature enhances electron production, but thisuis in )
contrast to the lower N and O concentrations available for the associative ionization
reaction which tends to lower the electron density., The analysis of the effect on
electron production due to the interaction cf these two factors, the dissociation
rates, and the temperature, scrves to explain the complex behavior of the electron
density as a funciion uf altitude and velocity,

The first point is that since these differences are :due to the inclusion of
vibrational nonequilibrium in the model, the effect on the flow properties should
diminish as the actual phvysical system approaches a state equilibrium for these
modes, In order to relate this to the present results, the altitude dependence of

factors tending to restore equilibrium must be considered, If the collision frequency
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is high, the particles undergo more collisions ard their energy states tend to
reach equilibrium. Increasing the freestream velocity at a given altitude will en-
hance this by producing a higher density in the gas behind the shock, Figure 20
shows the effect of freestream velocity on electron density profiles at different
altitudes for both models. Although the agreement between the profiles at the two
velocities clearly varies as a function of altitude, the relationship is complex.

In order to clarify the variational dependence on vibrational nonequilibrium,
the altitude history of just the peak electron density as given by the two models
is followed for Vo © 17, 500 fps. This is shown in Figure 21(a). Some results
for V= 16, 500 fps and V= 25,000 fps are included in order to show the effect
of the velocity dependence., The differences in the overall profiles for the two
models at the same velocity are shown in Figure 21(b) at three selected altitudes,
Some of the reasons for this behavior can be seen in Figure 22 and Figure 23
which show the effect of vibrational nonequilibrium on the electron production
factors for the V_ = 17,500 fps case. Analysis of these factors shows why the two
models behave differently as a function of altitude,

First, consider the temperature, Figure 22 shows that over most of the
altitude range, the temperature in the nonequilibrium case maintains a rather
high value and is essentially independent of altitude, By 200 kft, however, this is
no longer true., There, the energy is stored in the internal modes and the kinetic
temperature dues not differ from that of the vibrational equilibrium model, Ttre
other ter:n affceting the electron production mechanism is the dissociation rate,
Both atomic nitrogen and oxygen concentraticns start at lower levels than they
would have under equilibrium eonditions, but the nitrogen rapidly surpasses the
2quilibrium value and rises until there is twice as mueh present near 240 kft,

The oxygen shows a much more gradual rise to the equilibrium eoneentration,
The ratio of vibrational nonequilibrium to equilibrium electron production rates
depends on both species concentrations and the temperature, As can be seen in
Figure 23, it reaches unity near 260 kft, peaks around 240 kft, and at 200 kit
the return to equilibrium levels can be seen, These features can now be applied
to the interpretation of the corresponding electron density curves of Vigure 2t,

The behavior of the electron density for the two models is as expected,  The
crosiover noint at which the vibrational nonequilibrium electron density becomes
Larger than *he equilibrium value does vecur at higher altitudes when the veloeity .
is increasad, This condition then serves as a reference point for analyvzing the
brhavior of the curves for the respective veloeity cases, At 250 kft, the
\'m 16, 500 fps case shows tess spread than the \'u_ 17, 500 tps case, On the .
other hand, near 240 kft, the \'m 17, 500 fps solutions are starting to converge

while the \'m 16, 500 fps vibrational nenequilibriun electron production rate is

still increasing with respect to the equilibrium value, Thus, for the vibrational
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nonequilibrium model, results at one velocity cannot easily be extrapolated to
represent those of a second velocity condition at the same altitude, except for
some highly restricted regions where the results for the two velocities are in
phase in relation to their respective crossover points.

Since the overall problem of velocity scaling for the stagnation electron
density is so complex, the results covered in Figure 20 through Figure 23 should
be given a final summarizing, First, depending on the altitude, a 1000 fps change
in freestream velocity can introduce a factor of three or four in peak electron
density and this differs at a given altitude depending on the model., Then if the
overall profiles are examined, it appears that the vibrational nonequilibrium
shock layers extend further from the vehicle surface which affects the flow picture
behind the shock, Finally, over tne altitude range considered, the complicated
nature of the chemical history results in the nonequilibriuin peak electron density
exhibiting a further order of magnitude variation over the equilibrium,

Although the problem of relating results at two velocities for the same
altitude remains unresolved, there are other relationships that can be explored.
If consideration is restricted to the vibrational equilibriunm model, the altitude
variation in peak electron density, kigure 21, represents one such area. The
value at 240 kft on the V_ = 16, 500 fps curve is the same as the 246 kft value for
v, = 17,500 fps. Thus, given the identical shape of the vehicle and the relative
closeness in velocity, it is worth considering whether the effect of the velocity
change can be correlated to a change in altitude, The question to be answered is
whether this peak value correspondence is the only agreement for the two cases,
or do the profiles of electron density and collision frequency maintain the equi-
valence for their entire extent,

In Figure 24 the electron density and collision frequency for V - 16, 500 fps
at 240 kft are plotted along with a similar set of profiles for Vo © 17, 500 and
246 k!t. These latter results were obtained by interpolation of the various
Vw = 17, 500 fps cases that were available, As can be seen, the results are in
excellent agreement over the entire extent of the stagnation region with the slight
exception of the tailoff in n, near the shock which wovld not effect experimental
predictions seriously, Similar results were found at 250 kft for V. 16,500 fps,
and its rnatching altitude 256 kft for Voo - 17,500 fps, In some cases, then, the
effect of velocity can be expressed as an altitude variation,

The various types of theoretical solutions for the stagnation region have been
discussed and some relationship:s among them have been examined. 1n addition,

a comparison has been made between the data from the first flight and the predic-
tions at Vw 16, 500 fps using the merged viscid-inviscid model, The poor agree-

ment for this modei at high altitudes has been pointed out,
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5.2,4 A COMPARISON OF THE VISCID-INVISCID AND FULLY
VISCOUS MODELS

With the more sophisticated theories, it is now possible to make comparisons
over a wide altitude range using data from the second flight. This flight had a
velocity of 17, 500 fps, This is the basic velocity of the viscous solutions but
given the difficulties associated with velocity dependence in these sophisticated
models, there is a question as to the validity of the comparisons with the results
of the more simplified viscid-inviscid calculations made for V- 16, 500 fps,
For that type of calculation, however, the prime effect of velocity does not
appear in the profile shape but rather in the value for the peak electron density,
For the equilibrium conditions at the stagnation point, this is not significantly
affected by a 1000 fps change in velocity, For exanmple, at 250 kft for
V‘m 16, 15_?0 fps, :}(ne)‘ST 1..7 X 10120?/‘cm3 and for.\'ac 17, 500 l'.ps, (ne)S’I:
2,0 X 10"~ el/em”, Since this stagnation value dominates the profile, the dif-
ference in electron density corresponding to a 1000 fps change in velocity is

insignificant for the degree of approximation inherent in this approach., The

fallacies in thiz type of solution at high altitude still apply and hence the main
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comparisons should be with the completely viscous results, Some idea of the degree
of inaccuracy involved can be seen if the predictions based on the two types of
theory are compared,

The most drastic variation is in the peak electron density, In the curves of

Figure 15 the peak electron density shows a two order of magnitude change only,
15‘ compared to the five orders of Figure 17, This is due to the use of an equilibrium
stagnation point at the body for the inviscid results, The scaled nonequilibrium
values at each altitude had to be matched to the equilibrium stagnation value as

& has been discussed in the theory, This restriction produces the anomalous

results, For instance, at 275 kft the maximum value of electron density was

i 108 el/cm3 for the region where the binary scaling was valid, This is of the

same order as the completely viscous results, For an equilibrium stagnation
3

ou e 2w

point, however, (ne)ST -4 x 10!! el/cm” and it is this term which determined
the boundary layer values as well as the faired-in portion of the inviscid profile,

The curves of Figure 15 indicate the effect this had on the complete profiles for

the various altitudes, In the low density cases, the electron density has a sharp
rise from the cold wall to its peak value at the edge of the boundary layer, Then
there is an abrupt descent to the level predicted by the binary nonequilibrium
reactions, This profile result also illustrates the second basic difference in two
sets of predictions, The peak electron density for the viscid-inviscid cases occurs
near the body in the low velocity stagnation region and it is due to a local production
term, whereas in the viscous solutions as discussed above, the electrons are
diffused and convected from the production region near the shock and have an
internal peak value, This results in a rather uniform profile shape except for the
dropoff near the body representing the approach to the catalytic wall boundary
condition, Based on these observations, the two theories should always differ in
the degree of profile uniformity and in shock detachment distance, At lower altitudes,
however, where the binary reaction electron densities begin to approach the
equilibrium stagnation level and the boundary laver thickness decreases, the
overall agreement between the two solutions should improve.

This pattern can be seen quite clearly in Figure 25, At 250 kit the viscid-
inviscid curve is compared to a viscous curve which was also calculated for
Vw - 16, 500 fps. The complete disagreemcnt caused by the stagnation point
problem makes clear why agreement at this altitude was so poor in Figure 16,
The comparison at 200 kft is between results at the two velocities, Despite this,
the curves are quite close in magnitude and show similar profile shapes in contrast
to the situation at 250 kft, Since the test results of the first flight implied lower
electron densities at the higher altitudes than predicted by the viscid-inviscid
theory, Figure 25 can be used as an indication of the quality of agreement expected

for the two types of calculation, They should both compare equally well with flight

¥
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results at 200 kft, Then as the altitude increases, the viscid-inviscid approxi-
mation breaks down and its predictions lose validity. On the other hand, the
more realistic completely viscous models should still offer reasonable estimates

of the flight performance,
5.2,5 FLIGHT II COMPARISONS

Figure 26 shows the received signal intensity from the nosecap antenna during
the flight, and the various predictions, It should be noted that this measurement
depends on the ground stations; therefore once they lose the signal, no further
data are available, For this flight, that point occurred at 240 kft, Therefore,
the agreement of the various theories with the actual flight performance below
that altitude cannot be determined,
Where there were data, however, the viscous vibrational equilibrium results
show reasonable agreement with the signal profile except that a given level of
attenuation is assigned to an altitude 8 to 12 kft lower than where it actually o
occurred on the flight, Introducing the vibrational nonequilibrium formnulation
brought the results into agreement to within 4, 000 ft over the whole range,
Within the present knowledge of reaction rate values and the possible atmospheric N

variations, further refinement for transmission prediction would not be war-

ranted,
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Figure 26, Received Signal Intensity From the Second Flight Nosecap
Antenna; (————) flight data; (— -—) merged viscid-inviscid;

(— — —) viscous vibrational equilibrium; and (------ ) viscous
vibrational nonequilibrium

The complete failure of the viscid-inviscid approximation at high altitudes
was again apparent, Despite the higher velocity during the flight, the original
predictions still overestimate the attenuation. Furthermore, the results are so
inappropriate that they can not even be represented as an altitude shift of any
magnitude in contrast to the fully viscous solutions,

The received signal intensity is inversely related to the extent of the region
in which the plasma electron density exceeds a critical value, For S-band trans-
mission, this is around n, lollell’cmB. Since attenuation is an integrated effect,
both peak value and sheath thickness are involved. The relation between signal
intensity and electron density can be seen clearly by considering Figure 25 with
Figure 26, For the two viscous solutions, free space conditions prevail about
255 kft, Since this is just below the crossover point, the electron density in-
creases faster for the vibrational nonequilibrium solution below this altitude,
This results in the closer agreement of this model with the flight data,

An additional comment about the signal intensity curves (Figure 26) concerns the
fortuitous agreement at 240 kft between the viscid-inviscid and vibrational non-
equilibrium results, Since the stagnation electron density for the viscid-inviscid
case 1s almost an order of magnitude higher than the binary scaling values, this

is well into the altitudes where that scheme is dubious, Indeed, the stope of the

attenuation versus altitude curve has already diverged from that of the flight,
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The agreement is indicative of the integrated nature of the phenomenon being
measured. As can be seen from Figure 15 and Figure 18, two quite different
distributions of electrons result in the same degree of signal loss at this one
altitude, Both profiles have electron densities above the critical value for most
of the flow, The thicker sheath for the vibrational nonequilibrium viscous case
is compensated by the greatly higher peak values of the inviscid-viscid calcula-
tion, The subsequent disagreeement at adjacent altitudes is logical in the light of
these two features, At higher altitudes the nonequilibrium profiles fall below
critical allowing signal transmission, while the too high peak values of the
inviscid-viscid solutions still indicate attenuation., Below 240 kft, the viscous
electron density peak increases and the thicker shock results in a higher attenua-
tion which is in agreement with the data, The important result is the excellent
agreement with the flight data exhibited by the viscous vibrational nonequilibrium
model,

It is possible to use the assumed electron density profiles for further
comparisons with flight data in addition to the prediction of attenuation in signal
strength as seen by ground stations. Another property associated with a trans-
mitter is the observed power reflection coefficient. This parameter is derived
from measurements of incident and reflected power at the input terminals of the
antenna. Figure 27 shows the measured reflection coefficient as a function of

altitude as well as the correlations with the various flow field model predictions,

20+
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Figure 27, Power Reflection Coelficient for the Second Flight Nosecap Antenna:
( ) Night data; (— —) merged viscid inviscid; (— - —) viscous vibrational
equilibrium; and {(—--—) viscous vibrational nonequilibrium
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Above 260 kft, freespace conditions existed, A sharp rise then occurred
reaching almost total reflection by 240 kft, Below that altitude, this condition
remained unchanged., The increase in power reflection coefficient is indicative
of the plasma becoming overdense, The usefulness of the flow field models
depends on their ability to reproduce this history, Once again the viscid-inviscid
peak electron densities result in substantial reflections for altitudes well above the
flight results, The viscous vibrational equilibrium results show the same rise
as the data but at a 10-kft lower altitude, This is the altitude range in which the
vibrational nonequilibrium electron densities are higher, and so it is not unexpected
that this model predicts increased reflection slightly earlier in excellent agree-
ment with the test results,

At around 250 kft, the viscid-inviscid reflection curve approaches the leveis
of the vibrational nonequilibrium and flight data curves and then remains in agree-
ment, This represents the regime where most of the power is reflected, Com-
ment has already been made about the disparity in plasma profiles for the viscid-
inviscid and viscous models, and Figure 15 and Figure 18 show that for these
altitudes the viscid-inviscid profiles have a sloping rise to well above critical
ngs beyond that point, there is a considerable extent of overdense plasma.,
Although overdense, the nonequilibrium vibrational profiles have an extremely
sharp rise and reach their high value quite close to the surface, Some explana-
tion for the agreement in results from the two types of profiles was given by a
study of the inviscid-viscid profile at 240 kft, The basic electron density
distribution was separated into two parts—the overdense portion starting at a
point in the plasma and extending outwards, and the rise region between the
critical point and the body, A parametric study was then made of the effects due
to matching the outer profile to various sets of values in the latter region, Values
ranged from insignificant electron density levels to about one half the critical
value, Table 5 presents the distributions used and the result obtained, it was
found that whatever values were used close to the body, the reflection coefficient
in the waveguide agreed within 10 percent, As long as the region of overdense
plasma is large, the only factor affecting the reflection is the height at which the
layer is raised above the surface, Neither the peak location (y~3.0 cm) nor the
properties in the underdense region are sigrificant, The only difference in the
two models that vould have any effect is that the viscous plasma is critical 0,1 ¢
out while the inviscid-viscid is 0,5 cin, Based on this, then, it is not surprising
that the vibrational nonequilibrium and inviscid-viscid reflection coefficients do
not significantly differ in the overdense part of the flight trajectory,

In addition to antenna results in the stagnation region, there are datu from a
fixed negative bias (-15 V) electrostatic probe which was flown on the third launch,

This allowed further comparisens between experimental results and the various
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Table 5, Parametrie Variation in Eleetrieal Properties of Plasma Layers at
Stagnation Point (Altitude = 240 kft)

Slab | Eleetron Collision Dieleetrie Power
Slab | Width | Density Frequeney Constant Refleetion
Model |No.*| (em) | el/m (sec-1) Real ' Imag. | Coefficient, R
Standard) 1 0.075| 0,15E 16 | 0,10E 11 0,988 0. 006
Profile | 2 0.050| 0,56E 16 | 0,10E 11 0.957 | 0,024
3 0.,075| 0, 20E 17 | 0,10E 11 0.847 | 0,085
4 0,100 0,30E 18 | 0,10E 11 -1,291 | 1,288 0,725
5 0.300| 0,22E 19 | 0,15E 10 -20,950 | 1,852
6 0.075] 0, 20E 19 | 0,15E 10 -0,996 | 0,168
7 0.050) 0, 10E 16 | 0,50E 09 0.989 | 0,000
8 0,025 0, 0. 0.999 | o0,
A 7 0.030| 0,50E 17 | 0,50E 09 0.497 | 0,014
8 0.040| 0,30E 17 | 0,50E 09 0.698 | 0,008 0.699
9 0.005] 0, 0. 0.999 | 0.
B 7 0,030{ 0,30E 17 | 0,50E 09 0.698 | 0,008
3 0.040( 0, 10E 17 | 0.50E 09 0.899 { 0,002 0,717
9 0,005} 0, 0. 0.999 | o,
C 7 0.070) 0,50E 17 | 0,50E 09 0,497 | 0,014 0. 679
8 0.005} 0, 0. 0,999 0. *
D 7 0.070( 0, 10E 16 | 0,50E 09 0,989 | 0,000 0.725
8 0.005, 0, 0. 0.999 | o, i
E 7 0.070{ 0,30E 17 | 0,50E 09 0.698 | 0,008 0.711
8 0,005/ C, 0. 0,999 ! o0, *
F 7 0.070( 0,10E 17 | 0,50E 09 0.899 | 0,002 0.1729
8 0.0051{ 0, 0. 0.999 [ o, g

The first 6 slabs for all models are the same as those fur the standard profile,

theoretical calculations, The two sets of mecasurements are independent since the
antenna depends on integrated propecties across the entire thickness of the plasma
sheath, while the protes measure electron density close to the vehicle suiface at
a distanee which varies with the altitude, As has been discussed in p. avious
sections integrated results are more likely to be in agreement, so a maich for
diserete electron density values at specific locations is an important cenfirmation
of any theoretical prediction, The analysis of the electrestatic probe data and the
complex interaction between the plasma and flush mounted probes are discussed
in detail by Hayes (1972), The volume of flow from which ions are collected, the
pressure and temperature ncar the wall, and possibie convection away fron: the
probe can all effect the current seen by the probe. Eesults are given for electron

density levels at the edge of the sheath within which the ions are collected by
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the probe, This thickness is in general quite small and varies with the flow

properties at each altitude, Using probes with a negative bias of less than 15 V,

Scharfman and Bredfeldt (1967) have shown that positive ion currents could be

measured within a factor of two.

Figure 28 shows the probe values for
electron density at the sheath edge as a
function of altitude, As can be seen, the
sheath extends only a short distance above
the surface and this decreases rapidly with
altitude., In the range from 209 to 260 kft,
the electron density as givcn by the viscous
vibrational equilibrium model followed the
general trend of the probe but, except for
the lower altitudes, the agreement was not
within the factor of two. This is not un-
expected since the assumption of vibrational
equilibrium should become less valid at
higher altitudes., When the noncquilibrium
is taken into account, the agreement be-
comes quite remarkable as can be seen in
Figure 28, Because of their much more
gradual slope near the surface, the electron
density profiles of the inviscid-viscid model
resulted in predictions at the sheath edge
which were far bzlow the flight results and,
with the decrease in sheath thickness at
lower altitudes, the agreement there be-
came even worse, The end result was a
reverse slope for the altitude history,

For 270 kft, the agreement between
the probe results and the theoretical values
is extremely poor, The vibrational
equilibrium model gives an estimate
which is two orders less than measured,
Since the nonequilibrium results at that
altitude are lcwer than the equilibrium
(see Figure 21), there is no improvement
in agreement from that model even though
its results should be more realistic at

that altitude,
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Figure 28. Electron Density and
Sheath Thickness for the Stagnation
Region Electrostatic Probe on the
Third Flight: (e } flight data;
theoretical ng, ( —) merged
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tional equilibrium, (=—---)
vibrational nonequilibrium; and
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Attempts were made to improve the probe model to correct for the possibility
of convection effects and collectior of current from an area larger than the probe
face, However these changes represented too small an effect to overcome the
discrepancy. Suriace catalycity and other flow theory modifications are being con-
sidered; however, since the probe electron density is not only greater than the
theoretical sheath values but is also orders of magnitude above even the peak levels
of these flow models, this does not look promising, Drastic alterations in either
the probe theory or the flow model thus appear to be necessary for the extremely
high altitude regime, One further possibility is a parametric study of reaction
rates to see if this might improve results,

5.2,6 THE RELATION BETWEEN ELECTROSTATIC PROBE AND

ANTENNA DATA

The corroborative experimental correlation is obtained by observing that the
microwave power reflection results couid be brought into agreement with the
vibrational nonequilibrium theory predictions by scaling the latter upward in alti-
tude by some 2, 000 ft, Applying this same scaling factor to the predicted non -
equilibrium sheath edge electron densities, also brings these values into agreement
with the flight values, Thus, there is some degree of consistency between both

types of measurements,
5.2,7 SUMMARY OF STAGNATION RESULTS

The vibrational nonequilibrium viscous model gives excellent agreement in the
stagnation region for both integrated conditions and discrete electron density
descriptions, It is only at the lower altitudes that other models offer equivalent
results, While transparent to transmission for the Trailblazer 1I, the regime
above 270 kft does represent the one area where the predictions of lo-.al electron
density become inconsistent, Attempts to clarify this are being carried out, but
in any event the disagreement for those altitudes represents a minor aspect com-
pared to the excellent results obtained for the altitude range where significant

electromnagnetic phenomena are taking place.

3.3 Expansion Region

Up to this point, this report has been concerned with the agreement between
calculations and flight test results in the stagnation region, The flights also car-
ried various experimental programs distributed around the side of the vehicles,
and the remainder of this report will concentrate on theoretical flow field proper-
ties in these regions und the comparison of these results with the experimental L

data. The effect of angle of attack will be included in the discussion ane: also some

comments on the effect a change in freestrean: velocity has on the fluw properties,
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: Back around the vehicle, the flow is considered to be represented by an

' inviscid outer region and a viscous boundary layer close to the vehicle surface,
Since a great many of the interesting effects on the various flights occurred during

" the high altitude regime above 200 kft, this region was given special consideration

and the flow properties there received particular attention,
: 5.3.1 HIGH ALTITUDE THEORY

The results in this section come from the computer program developed by
Lew (1970) for the solution of high altitude viscous flow, The appioach is described
in detail in the reference and only a brief outline of some pertinent features will
be presented here. 1n the solution of the flow as it expands around the vehicle, the
R requirement for completely viscous conditions is relaxed, The flow is considered
to consist of the standard inviscid outer region and a boundary layer adjacent to
k the surface, The solution is iterative, The equations of motion for a chemically
f reacting flow are integrated along inviscid streamlines, starting at the respective
shock conditions and continuing until the resulting mass flux at a given point in
the flow matches that of the local boundary layer based on stagnation streamline
edge conditions, The new inviscid edge conditions resulting from this match are
then used in the solution of the viscous laminar boundary layer equations, The
entire procedure is repeated until results are consistent, At these altitudes it has
been bound that the electron density normal to the surface, as calculated by this
approach, has decreased to levels far below critical while still in the boundary
layer. This is due to the swallowing of the high temperature flow as it expands,
Thus the profiles for the high altitude region do not contain contributions fromn the

TIPS TN IO B YT I

inviscid region, In addition, it should be mentioned that in the results presented
here for the flow away frem the nose the chemical model is restricted to the case

of vibrational equilibrium,

P

5.3.2 DISCUSSION OF RESULTS

The variations of the flow properties as a function of location around the body
is shown in I'igure 29 through Figure 32 as a function of altitude, In all cases the
variation in the elge veleeity shows an almost linear rise as the flow expands
around to the shoulder area und a gradval approach to conical values further down-
stream,  The .urves for the maximum and edge temperature show the swallowing

of the high temperature tflow from the nose, The peint at which high temperature
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effects are no longer at the boundary laver edge varies with altitude, oceurring

eartiest at 270 kft while at 220 kft the external plasma is still a dominant feature
* wround to S Ry 1.0, Once the shoulder has been reached, the temperiature in

the flow remuains essentially constant over the rest of the vehicle,  The pressure

variation ualso exhibits the change in slope near the shoulder, The transitional
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effects are especially pronounced at 270 kft, and this will effect the other flow
property distributions in this neighborhood. The curves do not approach a constant
level until near S/RN = 2,0, Further, for the 220 kft case the approach is not
monotonic, There is an overexpansion in the pressure followed by a rapid recovery
to the invariant level. Figure 33 shows the variation in peak electron density
around the body for various altitudes. The peak is always embedded well inside
the boundary layer as was pointed out previously, Near the nose, the 270 kft case
exhibits a maximum away from the stagnation region, and this is most probably
associated with the problem of matching the completely viscous nose solution to a
mixed condition around the body. This problem should be especially true at this
altitude; since the external expanding flow is still expected to contain viscous
effects rather than conforming to the assumed nonviscous constraint of the theory,
At the lower altitudes this characteristic disappears and the variation closely
follows that of the prescsure (including the 270 kft case beyond the peak), There is
the change in the slope near the shoulder, and in the 220 kft case the conditions
resulting from the overexpansion in pressure produce a sharp decrease below the
eventual afterbody level by micre than a half an order of magnitude, In all cases as
the flow reaches the rear of the vehicle, the electron density has decreased by two
orders of magnitude from its peak value,

Since not just peak values but actual distributions of properties across the flow
profile are important to the deterrnination of electromagnetic interactions, it is
interesting to examine the variation of such a profile as a function of altitude,
Figure 34 shows the electron density profiles at S"RN = 1,8, Figures 35 through
Figure 38 show collision frequency, temperature, density and conductivity of the
plasma for the four sets of conditions. The electron density in all cases peaks
close to the surface and has dropped an order of magnitude within a normal dis-
tance of 6 cm, The temperature always peaks well within the boundary layer and
along with the collision frequency and density is relatively constant fo1r most of the
flow, An additional feature has been included in these figures

the de conductivity

)

of lue plasma:

Owing to the collision frequency invariance, this follows the electron density pro-
file peaking within a few centimeters of the surface, The conductivity builds up
rapidly from quite low values at 270 kft and reaches several mho nicter by 220 kft,
This will be discussed further, when the experimental results are examined.

Since the peak values around the body and the altitude variation of properties

at a single location have been considered, the fMow field deseription can he
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5 Aeyonts

completed by describing the shape of various profiles at selected body positions
for given altitudes., These are shown in Figure 39 through Figure 54, Several
features can be observed, There is the gradual decrease in the high temperature,

high electron density region as the flow moves back along the afterbody, The

et e ks v e

relative closeness in the profiles at S/RN = 2,4 and S/RN = 4,7 confirms that the
flow beyond the former point has approached close to its asymptotic condition,
There is a general trend for the profiles to gradually draw closer together as the
flow moves along the vehicle, At 270 kft, however, the pattern is drastically
altered in the shoulder region. The temperature curves remain unaltered, but the
large scale pressure disturbance at the shoulder combines with the temperature to
produce a drastic separation in the other flow profiles, Profiles at S/RN = 1,8
and S/R = 1,9 are compressed until they are practically superimposed on the
S/RN = 1,35 curves, Then on the other side of the underexpansion, the asyrnptotic
trend is normal, Thus there is a major break in the continuity of the profiles for
this altitude condition,

One significant feature of all the cases is that even at the rear of the vehicle
the flow is still well above 3000 °K in temperature across most of the profile, and
hence the electron density can still remain relatively high over the secondary test/

telemetry system,
5.3.3 ANGLE OF ATTACK

These results are all based on the assumption that the flow is axisymmetric,
In actual flight, however, the vehicle was at an angle of attack and hence the flow
equations are three dimensional. This type of calculation will not be discussed
here, except to note that in general the flow would remain symmetrical while on
the hemispherical nose and should exhibit axisymmetric properties only on the
conical afterbody., In attempting correlations between theoretical and experimental
results, windward and leeward properties at a fixed body location were obtained
by using results at positions corresponding to the original S RN vaiue plus o1 minus
the angle of attack of the vehicle, As long as these<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>